Abstract: In this paper, we experimentally demonstrated a novel approach known as electroless silver plating (ESP) for the fabrication of Ag-only reflectors on vertical light-emitting diodes (VLEDs). The Ag reflector that was obtained through the ESP approach shows a higher reflectance of 83% and a lower contact resistivity of 6 Ã 10 À3 Á cm 2 with p-GaN, compared with that fabricated through the conventional electron beam (EB) approach, which shows a reflectance of 75% and a contact resistivity of 6:2 Ã 10 À2 Á cm 2 , respectively. Improvements in the light output intensity-current (L-I) and current-voltage (I-V) results in VLEDs, which originated from the high reflectance and low-contact resistivity of the incorporated ESP-Ag reflector. Our result opens up an alternative and promising way to substitute the traditional EB approach for Ag-based reflector fabrication and, thus, is practically meaningful in real device fabrication, such as with VLEDs.
Introduction
Owing to the potential to substitute incandescent and fluorescent lamps, vertical-injection GaN based light-emitting diodes (VLEDs) fabricated by removing the insulating sapphire substrate and then transferring the nitrides epitaxial layer onto a thermal and electrical conductive substrate are under extensive research [1] - [5] . To achieve a high light extraction efficiency for VLEDs, reflector with high reflectance, low contact resistivity, as well as robust adhesion with the underlying p-GaN, is highly desired [6] . From this point of view, reflective metallization schemes, such as rhodium (Rh), aluminum (Al), and platinum (Pt) metals, serving as electrical contacts to p-GaN as well as reflectors, have been widely investigated [7] - [9] . For high power VLEDs, silver (Ag) is deemed as a highly attractive material as mirror among various metal because it is the only material that can reach reflectance (up to 95%) at blue wavelength and has become widely employed [10] , [11] . However, due to its still low work function and poor adhesion to the Ga face p-GaN, Ag-only reflectors with excellent adhesion, high reflectance, and low contact resistivity are difficult to achieve simultaneously by EB [12] . Therefore, Agbased alloys is frequently adopted to realize high reflectance and low contact resistivity [11] , [13] . A thin Ni insertion layer is usually introduced to form Ni/Ag/Pt/Au multiple layered electrode to solve the problem, at the expense of some reflectance [14] - [16] . There is a trade-off between the contact resistivity and reflectance. Novel fabrication methods or new electrode materials are still hot issues among the LED research field.
Electroless silver plating (ESP) is a wet chemical method by reducing the Ag-based salt to form a silver metal layer on the target substrate [17] , [18] and has been utilized successfully in several approaches [19] , [20] . It has been proved that the ESP could be processed on glass substrate to obtain a perfect reflector. Recently, Harris used the autocatalytic electroless plated Ag reflector for high brightness light emitting diodes (HBLED) to obtain high reflectivity, better electrical, and thermal conductivity, as well as a low-cost package [21] . A similar report was given by Tan et al. on LED submount fabrication [22] . ESP shows many advantages such as free-electricity, low-cost equipment, short coating time, simple procedure and availability for various materials. However, there are still no reports of ESP application in LED chip fabrication.
Here, we demonstrated ESP as a novel approach for fabrication of Ag-only reflector, which shows a high reflectance and low contact resistivity. The successful assembly of the VLEDs device convinces its robust adhesion with the underlying p-GaN, justifies the excellent reliability. The reflectance and resistivity as well as light output intensity-current (L-I) and current-voltage (I-V) measurements were investigated. To our knowledge, we are the first to incorporate ESP into LEDs' chip design and fabrication, especially in metal electrode reflectors [23] . Our prior work [23] extended the ESP approach to fabricate p-type reflective electrodes for flip-chip LEDs (FCLEDs), to improve light extraction efficiency. Our reports will facilitate the practical application of ESP in optoelectronic devices fabrication.
Experiments
The InGaN/GaN multiple-quantum-well (MQW) LED structure was grown by metal organic chemical vapor deposition (MOCVD) on c-plane sapphire substrate. It consists of 3-m-thick undoped GaN layer, 2.5-m-thick n-type GaN: Si ðn d ¼ 3 Â 10 19 cm À3 Þ layer, 20 nm-thick AlGaN electron blocking layer, 0.08-m-thick InGaN/GaN active layer, and 0.12-m-thick p-type GaN: Mg ðn a ¼ 3 Â 10 17 cm À3 Þ layer. Prior to ESP process, the sample surface was pretreated by sensitization and activation. All samples were immersed in acid stannous chloride (SnCl 2 ) sensitized solution (30 g/L) for 10 mins and subsequently rinsed in deionized (DI) water. Then samples were activated in acid palladium chloride (PdCl 2 ) solution (10 g/L) for 10 mins and dipped in DI water. In the pretreatment process, SnCl 2 was used to reduce Pd 2+ to Pd 0 , which serves as nucleation centers for the subsequent Ag film deposition. The reaction governing the procedure is considered to be [24] 
The metalizing bath was derived from Tollens' reagent [25] , which is consisted of silver-amino solution and glucose reducing agent solution. For the silver-amino solution, a 7.3 g AgNO 3 mixed with 120 mL DI and 3.6 g 100 mL-1 NaOH solution was added to keep an alkaline environment for reactions. Subsequently, ammonium hydroxide was instilled excessively into the mixed solution until forming a colorless, transparent silver-amino complex solution. The formation of silver-amino complex was described as [26] 
In terms of reducing agent solution, 23 g/L glucose mixed with 100 mL ethyl alcohol provided aldehyde group to reduce Ag + to Ag 0 with the additive of 10 g tartaric acid. The reaction can be depicted as [26] 2 Fig. 1 shows the procedure of ESP approach, wafer was immersed into SnCl 2 and PdCl 2 solution in sequence and dipped in the mixed silver-amino and glucose solution at the ratio of 6 : 1 subsequently. The ESP process started at room temperature and PH value in bath was kept to 12 during the Tollens' reaction. The initial transparent solution became dark brown and then grey in color. Silver particles were deposited on the wafer and the thickness of silver coated was approximate 300 nm after a 10-min reaction.
For device fabrication, after the Ag-only reflective electrode was deposited through ESP, copper was electroplated as the substrate. Then the laser lift-off process (using a 248 nm KrF laser) was used to separate the sapphire substrate from the epitaxial layer. The residual Ga droplets were cleaned by HCl solution. Al/Ti/Au (400/40/800 nm) electrode was deposited on the n-GaN layer by EB. For comparison, the reference VLEDs sample fabricated with Ni/Ag (0.5/300 nm) reflective electrode by EB was also prepared. The fabrication detail can further refer to reference [6] . The quality and morphology of ESP-Ag reflectors were characterized by X-ray diffraction (XRD, Bede D1), scanning electron microscope (SEM, Hitachi S4800) and atomic force microscope (AFM, Veeco Dimension 3100). The reflectance of ESP-Ag reflectors was characterized by Lambda 1050 spectrophotometer. The light output intensity in the vertical direction to the chip surface was detected by a CCD probe. The current-voltage was tested by Model LED-632HC LED Tester. Fig. 2(a) shows the microscope picture of Ag-only reflective electrodes for VLEDs. The scanning electron microscope (SEM) and atomic force microscope (AFM) results were shown in Fig. 2(c) and (d), indicating that the Ag film by ESP has a rough surface. This was further convinced by the weak peak intensity of Ag (111) in X-ray diffraction (XRD) pattern in Fig. 2(b) . The clusters are assumed to be produced by the formation of Pd 0 nucleation center during pretreatment process, Ag + ions prior deposit on nucleation center to form a continuous film, consequently, increasing the roughness of metal film. Fig. 3 shows the optical reflectance on substrate/metal interface of the electroless plating Ag reflectors and electron beam deposition Ni/Ag (0.5/300 nm) reflectors on GaN and glass substrate, respectively. The as-deposited ESP-Ag on GaN and glass substrate shows reflectance of 83% and 92% at wavelength of 450 nm, respectively. This is higher than the reflectance of the as-deposited EB-Ni/Ag on GaN and glass substrate, which is 75% and 85%, respectively. To verify the thermal stability of Ag reflective electrodes by ESP, we compared the reflectance of ESP-Ag and EB-Ni/Ag electrodes on glass after rapid thermal annealing at temperature of 300°C and 550°C for 1 min in air ambient. It is observed that the reflectance of ESP-Ag after 300°C and 550°C annealing is far below that of EB-Ni/Ag samples. We attributed this annealing degradation to be the inherent worse thermal stability of chemical deposition than physical deposition under a high temperature circumstance. Moreover, absence of Ni adhesion layer is also an important factor for annealing degradation. Further experiments for improving the thermal stability by adding other additives to the Tollens' reagent are ongoing. The specific contact resistivity was obtained by the circle transmission line method (CTLM).
Results
The size of the contact pads was 120 m Â 120 m and the spacing is varied from 10, 20, 30, 40, 50, 60, 65, 70 to 75 m. Fig. 4 shows the typical I-V characteristics of Ag and Ni/Ag contacts to p-GaN using ESP and EB, respectively, before and after rapid thermal annealing at temperature of 300°C and 550°C for 1 min in air ambient. It's obvious that the as-deposited ESP-Ag shows a lower contact resistivity and characteristics of ohmic contact compared to the as-deposited EB-Ni/ Ag sample. It's worthy to notice that all the samples show ohmic behavior upon 550°C annealing. Although the EB samples exhibit a lower contact resistance than ESP ones, both samples show inferior properties after 300°C annealing. Our measured results show that the ESP-Ag samples show specific contact resistivity of 6 Ã 10 À3 Á cm 2 and 5:7 Ã 10 À4 Á cm 2 before and after 550°C annealing, respectively. On the other hand, Ag contact to p-GaN by using EB deposition exhibits poorer results than ESP-Ag, which was only 6:2 Ã 10 À2 Á cm 2 and 5:2 Ã 10 À4 Á cm 2 before and after 550°C annealing, respectively. We considered the lower contact resistivity for ESP was probably due to the existence of Pd atom as a transition layer introduced during activation procedure. It is consistent with the result reported by J. Cho et al. [27] . The work function of Pd is Pd ¼ 5:3-5.6 eV [28] , [29] , which is larger than Ni ¼ 5:15 eV. Metal with a larger work function shows relatively lower contact resistivity with p-GaN. Hence, Pd helps to decrease the contact barrier with p-GaN, and a lower contact resistivity was obtained consequently. Suffering from high temperature annealing, we speculated Pd atoms diffuse into the GaN epilayer to form Pd gallides, resulting in the low contact resistivity [30] . Additionally, due to a low concentration and high reflectance of Pd, the reflectance of ESP-Ag is naturally better than EB-Ni/Ag. As the annealing temperature increases, Ag grain agglomerated at the surface and large hillocks appeared at 550°C. And it is obvious that the Ag film is still kept as a continuous film. In contrast, the as-deposited Ag film by electroless silver kept continuous, but obvious agglomeration phenomenon was observed at the surface, which we considered it to be the formation of Pd 0 nucleation center. After higher temperature annealing, the hillocks became bigger and the Ag film tends to be discrete. It can be concluded that the ESP-Ag shows a worse thermal stability than EB-Ag, which is caused by inherent poorer stability of the chemical deposition method compared with the physical deposition method. The relatively poorer thermal stability of ESP-Ag reflector is not desired for high temperature application and still needs further improvements. The mechanism needs to be further verified and refined experiments (such as other additives addition to the ESP procedure) to improve the thermal stability are ongoing. Nevertheless, the asdeposited ESP-Ag reflectors still provide superior optical-electrical characteristic, which can be competitive for the VLEDs fabrication.
VLEDs incorporating the as-deposited ESP and EB reflectors were then fabricated. L-I and I-V characteristics of ESP-VLEDs and EB-VLEDs are shown in Fig. 6 . The forward voltage of ESPVLEDs at 20 mA, 100 mA, and 350 mA is 3.674 V, 5.111 V, and 7.085 V, respectively. This is lower than those of EB-VLEDs (4.163 V, 6.069 V, and 9.109 V, respectively). The lowered operating voltage of ESP-VLEDs is due to the lower contact resistivity between the Ag-only reflector and p-type GaN. Compared with EB-VLEDs, the light output (LOP) of ESP-VLEDs is increased by 26.4% and 17.7% at 20 mA and 100 mA, respectively. The LOP improvement of ESP-VLEDs is attributed to higher reflectance of the ESP Ag-only reflector, as revealed by the reflectance measurement results. 
Conclusion
In summary, a novel metal electrode on VLEDs fabricated by ESP was proposed and investigated. It was found that, compared with EB-Ni/Ag, the ESP-Ag shows lower contact resistivity and higher reflectance over visible spectrum. The contact resistivity and reflectance of ESP-Ag reflector were 6 Ã 10 À3 Á cm 2 and 83%, respectively, compared with that of EB-Ni/Ag (75% and 6:2 Ã 10 À2 Á cm 2 ). Additionally, a 26.4% LOP improvement and 0.489 V decrement of the forward voltage were obtained at a forward current of 20 mA. Our results demonstrate that the ESP could be used as an effective way for reflector fabrication in GaN VLEDs.
